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INTRODUCTION
An Open-path Fourier Transform Infrared (OP-FTIR) instrument was Used to measure carbon tetrachloride vapor emitted from contaminated soil and monitoring v)ells in the 200 West Area of the Hanford Site in southeastern Washington State (see Figure 1) . Historical activities at U.S. Department of Energy (DOE) facilities around the United States during World War II, including development of a nuclear deterrent, resulted in the discharge of chemical and radioactive materials to the environment. Beginning in 1955, carbon tetrachloride and other liquid wastes were released to the subsurface along with cocontaminants to three liquid waste disposal facilities. The DOE has now focused a major technical effort on the mitigation of the effects of those discharges through an environmental .
restoration program. The OP-FTIR was used over the soil surface near the 216-Z-9 Trench (one of the disposal facilities) in the 200 West Area as shown in Figure 2 . Over the last few years, the interest in applying OP-FTIR techniques to air quality measurements has accelerated. 1 These techniques have been investigated for different applications, including Superfund remediation monitoring,2,3 emergency response,4,5 waste water treatment6 and sludge treatment monitoring,7 fenceline monitoring,8 production facility monitoring,9 measurements in DOE treatment, storage and disposal facilities,10 and industrial hygienel 1 and other indoorl2 applications. In the present study, OP-FTIR is applied to the measurement of emissions from undisturbed contaminated soil.
The open-path sensor was placed approximately 30 meters west of the vapor extraction facility and the measurement path was chosen to be over a region in which the soil was contaminated with carbon tetrachloride. The measurement path was 149 meters. The measurements were made over a three day period. On the first day, when the barometric pressure decreased, carbon tetrachloride, the main soil contaminant, was detected with path-averaged measurements ranging from 4 to 100 ppb. The path was . located near a monitoring well. The infrared beam was moved on the second day, in order to confine the measurements mostly to emissions directly from the soil. In this configuration, with a one-way pathlength of 149 meters and with the beam approximately 1 meter above the contaminated soil, carbon " tetrachloride was detected with concentrations in the range of 2 to 5 ppb.
OP-FTIR MEASUREMENT METHODOLOGY
The OP-FTIR is used to make integrated-path concentration determinations of the chemical constituents in the infrared beam. The initial spectroscopic data are in the form of single beam spectra, I. According to Beer's law, the concentration-pathlength product, C L, of an absorbing chemical is proportional to the absorbance, A, which is defined as
where all three quantities here, A(v), I(v), and Io(v), are spectra and are functions of v, the optical frequency in wave number (cm" 1) units, lofv) is the background spectrum taken under identical conditions to I(v), with the exception that the absorbing chemicals are not present. Beer's law is written
where the proportionality constant, e(v) is the absorption coefficient of the chemical. "!'he absorption coefficient is essentially a spectral shape function and is unique for each molecule. The absorption coefficient gives rise to the unique "fingerprint" shape of the chemical absorption spectrum used in making qualitative identifications. The quantitative determination is made by measuring the absorbance, A(v), and determining the concentration-pathlength product, C L, of the absorbing chemical.
The concentration-pathlength products of the absorbing chemicals are calculated using the multicomponent classical least-squares technique (CLS) developed by Haaland and Easterling. 13 This technique involves performing a least-squares fit of the field spectra to reference spectra (of the absorbing chemical species) using the following set of linear equations, derived from Beer's law,
where As(v) is the total absorbance of the measured atmospheric spectrum, at frequency v, Ar(v) is the absorbance of the rth reference spectrum and Tr is the ratio of the concentration-pathlength product for the rth chemical in the field, to the concentration-pathlength product for the reference spectrum of the rth chemical. The first two terms, on the fight side of the equation, perform a linear correction for baseline error. The range of frequencies, v, for the analysis are limited to regions where the target compound actually absorb the radiation. For each region, the sum in the third term is over all species which absorb in that particular region. The final term is the error or residual. The reference spectra are measurements of the pure gases, usually mixed in one atmosphere of dry air or nitrogen. The concentrations of the reference gases were precisely measured in the laboratory.
The Open-path FTIR
.
A recent review describes the use of optical remote sensors, including the OP-FTIR to measure toxic gases. 1 The OP-FTIR is configured in a unistatic design, which uses a single transmitter/receiver telescope. Figure 3 shows a simple schematic of the measurement setup. The infrared radiation is -modulated by a Michelson interferometer, of a wishbone design, which uses comer-cube retroreflectors. This retroreflector-interferometer design eliminates the need to make field alignment adjustments on the interferometer, with changing temperature. The modulated infrared radiation is collimated by a 12 inch Cassegrain telescope and transmitted through the parcel of atmosphere being measured to a comer-cube retroreflecter array. The array reflects the beam back to the single transmitter/receiver telescope, resulting in two passes through the chemical plume. The radiation is then focused on the aperture of a mercury cadmium telluride (MCT) detector. The modulated signal (interferogram) is inverse Fourier transformed to produce a spectrum from 700 cm-1 to 4500 cm-1, with 1 cm-1 resolution. telescopeto both transmita 12 inch collimatedinfraredprobebeam to the atmosphere,and receive the infrared beam after it traversed a round-trip path through the atmosphere. A 14 inch corner-cube retroreflectorarray is used to reverse the path of the ix"probe beam back to the transmitter / receiver telescope.
MEASUREMENTS
The measurements were made in four sets. At the time of the measurements, the OP-FTIR was setup to make real-time determinations on carbon tetrachloride. Since carbon tetrachloride was expected to be present at some level in the ambient air local to the site, we used a "zero-path" measurement (< 1 meter) as the background spectrum, Io. However, on the third, and last measurement day, the OP-FTIR was moved to a clean desert site about one km west of the contaminated soil site. A 115 volt, 1 KW gasoline generator was used to provide power to the instrumentation at this remote site. We made twelve 5-minute averaged "upwind" measurements. These twelve spectra were co-added to give a one-hour averaged background spectrum (Io). The quality of the absorbance spectra improved considerably over the set with the "zero-path" background. The analysis of these absorbance spectra resulted in detection limits of--10 ppb, path averaged over a 149 meter one-way path. This analysis was used to identify which spectral files of the data sets had little or no carbon tetrachloride absorption. Absorbance spectra were recalculated using some of these spectra as backgrounds. The resulting detection limits were reduced to the range of 1 to 2 ppb, in many of the measurements.
Measurement Set 1 . Set 1 consists of 211 Measurements made on July 27, from 1:32 pm to 11:38 pm, P.D.T. The configuration used for these measurements is shown in Figure 2 . The beam path was --30 meters west of the vapor extraction facility, and was oriented roughly north-south direction. The distance from the sensor to the retroreflector array was 149 meters, resulting a round-trip pathlength for the infrared radiation of 298 meters. The beam passed, at~1 meter height, over an area which was known to have soil contaminated with carbon tetrachloride. From 1:32 to 11:10 pm, the spectral data was collected infive minute averages. After 11:10 pm higher temporal resolutions were used, order to investigate the short term concentration fluctuations. One minute averages were used from 11:13 to 11:22, --16 second averages were used from 11:22 to 11:32 pm and 6 second averages were used from 11:32 to 11:38 pm.
The single beam spectrum from Measurement # 1110 was used as the background spectrum (Io(v) in Equation 1) to produce absorbance spectra for Set 1. This produced a good match to the interfering water vapor lines and thus improved the quality of the concentration determinations considerably compared to using spectra prepared with the zero path backgrounds. 
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The carbon tetrachloride concentrations varied markedly in very short periods of time. For instance, in a single one minute period starting at 11:26 pm, the concentrations varied from 45.9 ppb to 71.3 ppb to 42.1 ppb to 105.5 ppb. This variability indicated that during the higher concentration events, the majority of the measured carbon tetrachlofide was in a relatively small plume, emanating from a small source. A monitoring well close to the infrared beam was suspected to be the main source of the measured carbon tetrachloride in this period..
Measurement Set 2
Set 2 consists of 317 Measurements made continuously over a 25 hour period starting on July 28, at 1:06 pm. The FTIR sensor and its computer was housed in a six foot high back-packing tent to protect it against rain and dust storms while it operated overnight unattended. " Our goal for Set 2 was to confine the measurements to carbon tetrachloride emissions directly from the soil. To achieve this, the retroreflector was moved laterally to the west by~10 meters. This removed the beam from the vicinity of the monitoring well. The one-way pathlength was maintained at 149 meters with the beam height 1 meter above the contaminated soil. The path averaged concentrations in this data set ranged from no-detects to measurements from 1.4 to 5.0 ppb. The single beam spectrum from Measurement # 2090, taken at 7:59 pm PDT, July 28, was determined to have zero or negligible absorption due to carbon tetrachloride, and was therefore used as the background spectrum, (Io(v) in Equation 1) to produce absorbance spectra for Set 2. Figure 6 shows the comparison of the spectrum measured for Measurement # 2015 to the reference spectrum of carbon tetrachloride. This was a 5 minute average taken at 2:11 pm, July 28. The classical least-squares calculation of the path-averaged concentration of carbon tetrachloride was 4.6 (1.2) ppb. Figure 7a shows time plots of the OP-FTIR determinations on July 27, before the occurrence of the fluctuations shown in Figure 5 , and Figure 7b shows the plots for the determinations on July 28. During these two time periods, the path-averaged concentrations remained in the 2 to 10 ppb range.
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.oo_ The detection limits are affected by humidity and factors which may alter the signal level or the spectral baseline, and thus the detection limits vary with each measurement On July 29, after the completion of Measurement Set 2, we set up the sensor in the desert, about 1 mile to the west of the contaminated soil site. The configuration was north-south and parallel to, and~50 meters west, of a road. This area was expected to be free of carbon tetrachloride, so we made 12 -5 minute averaged "upwind" measurements. Upon completion of these, the response of the system was tested by allowing~0.1 ml of carbon tetrachloride to evaporate from a vial, which was placed in the beam. The evaporation was complete within three minutes. Table 1 shows the results of four successive measurements, each averaged for 2.5 minutes, starting at the time when the vial was opened. 
DISCUSSION
In Set 1 (July 27), the measured concentrations, in the first six hours, were more or less constant at a path-averaged value of 5 ppb. After 7:00 pro, the measured concentrations increased in waves with large variations in short periods of time, as was shown in Figure 5 . These fluctuations are most probably due to changes in wind speed and / or direction, and therefore indicate that the carbon tetrachloride plume was retry small and thus swept in and out of the~12 inch infraredbeam. There were three monitoring wells in the vicinity of the infrared beam (see Figure 2) . These wells were monitored with a photoionization detector on July 27 and were found to be emitting measurable levels of carbon tetrachloridc. One of the wells, designated 299-W 15-5, was within one meter of the beam, and this was probably the major source of the OP-FTIR measurements above 10 ppb, shown in Figure 5 .
On July 28, when the beam was moved away from the well, 299-W 15-5, the concentrations were again at the --5 ppb level and were relatively stable. Figure 7 shows the time plots of the FTIR-RS measurements during the first six measurement hours of July 27 (before the large fluctuations occurred) and during the first seven measurement hours of July 28. During these periods, the path-averaged concentrations remained in the range between 1 and 10 ppb. The large fluctuations, shown in Figure 5 , occurred in the period immediately following the plot in Figure 7a (19:00 PDT).* On the second day, there was a gradual lowering of the concentrations over the first seven hour measurement period. After seven hours, the concentrations fell below the detection limit of the FFIR-RS. Previous work at the project site has confirmed the presence of carbon tetrachloride in shallow (-1 m) soil-gas samples in concentrations reaching 45 ppm.14 During the period OP-FrlR data were collected, a series of surface based passive -samplers were emplaced. These passive samplers were emplaced for three days in an area that included the F'FIR sight path. The samplers contained a sorbent suspended 1 cm above the soil. After retrieval, sorbent analysis revealed carbon tetrachloride concentrations along the beam path from 106.2 to 251.7 ng/m2/min. 15 The known presence of carbon tetrachloride in the soil and soil-air interface along the beam path suggests that most of the OP-FTIR measurements taken after the retro-array was moved away fi'om well 299-W15-5 are primarily direct emissions from the contaminated soil.
" The concentration varied from 3 to 70 ppb in the period between 19:00 and 23:38, on July 27. The system was turned off at 23:38 and restarted on the next day. 9 Figure 8 shows the change in the barometric pressure during the course of the measurements. Previous measurements in the area of the OP-FTIR beam path indicate air moves into and out of the subsurface in response to fluctuations in barometric pressure. 16,17 During the afternoon and evening of July 27, the barometric pressure was on a steep decline. During this period the highest concentrations of carbon tetrachloride were measured. This suggests that the carbon tetrachloride was "breathing out" from the soil, into the lower pressure surface environment. Table 2 lists the locally measured barometric pressure, wind direction and wind speed during the period of the measurements. There was no clear correlation between the measured concentrations and the wind direction and speed.. The meteorological measurements were time-sliced samples taken on the hour, and there may have been a high level of variability in the wind conditions in the periods between the hourly measurements. Figure 9 is a double time plot of the hourly sample of barometric pressure and the hourly averages of the OP-FTIR carbon tetrachloride determinations. 
